Abstract
In many languages, grammar and word formation are realised by adding morphological affixes to 52 stems (e.g., an inflectional suffix, such as '-s', added to 'cat' becomes plural form 'cat+s' and e.g., 53
derivational agentive suffix '-er', added to a stem 'work' to become a noun 'worker'), stressing the 54 central role of morphology acquisition in first and second language learning. In second-language 55 (L2) acquisition and processing, however, morphosyntactic phenomena expressed through 56 affixation have been identified as one of the most challenging tasks (e.g., DeKeyser, 2005), making 57 it an intruiging research topic. 58
In native (L1) speakers, the question of processing and representations of morphologically 59 complex words has been intensively studied both behaviourally and neurophysiologically for the 60 past few decades. While the field is still largely Anglo-centric, there is a general agreement that 61 regularly inflected words undergo combinatorial, i.e. parsing and lexical, processing, subserved by 62 fronto-temporal brain networks (e.g., Bozic & Marslen-Wilson, 2010; Leminen, Smolka, 63 M A N U S C R I P T
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6 violations of irregular inflections elicited an N400 effect. These ERP patterns were similar in the L1 125 and advanced L2 groups, suggesting comparable combinatorial processing versus lexical storage of 126 regular and irregular inflected stimuli. An ERP repetition priming study with single inflected words 127 found a similar N400 priming effect in both L1 and highly proficient Spanish-Catalan bilingual 128 speakers, but the bilinguals showed a reduced N400 priming effect for irregular morphology (De 129 Diego Balaguer, Sebastian-Galles, Diaz, & Rodriguez-Fornells, 2005). Moreover, early highly 130 proficient Finnish-Swedish bilinguals were reported to exhibit larger N400 effects for correctly 131 inflected vs. monomorphemic words than Finnish L1 speakers in an unprimed visual lexical 132 decision task (Lehtonen et al., 2012) . In early bilinguals, inflected words with both high and low 133 frequency differed from monomorphemic words, but in L1 speakers, high frequency inflections did 134 not differ from high frequency monomorphemic words (for similar behavioural findings see e.g., 135 Lehtonen & Laine, 2003) . This between-group discrepancy was explained by reduced exposure to 136 each word in bilinguals as compared to L1 speakers due to the division of input between the two 137 languages; hence, the bilinguals' subjective frequencies for these word forms may be lower 138 (Lehtonen et al., 2012) . 139
Taken together, electrophysiological findings on L2 inflected word processing indicate that 140 underlying mechanisms may differ to some extent between L1 and L2 speakers, and processing of 141 inflected words is less automatic and more laborious even in early bilinguals compared to L1 142 speakers. This indicates an influence of both proficiency level and age of acquisition (AoA) in the 143 processing of inflections. It should be noted, however, that research on L2 inflection processing has 144 focused on more advanced L2 groups than beginning L2 learners. One ERP priming study 145 addressing the role of proficiency in the processing of regular inflections, reported morphological 146 priming effects in the N400 time-window, whereas less proficient L2 learners showed no such 147 morphological priming effect (Liang & Chen, 2014) . This was taken to suggest that highly 148 proficient L2 learners decompose regular morphologically complex words, while less proficient L2 To sum up, research on the electrophysiological processing of inflected and derived words with 166 high and low L2 proficiency suggests that combinatorial processing would take place at the 167 advanced level of L2. Due to the relatively low number of ERP studies using single-word stimuli, 168 and the employment of varying experimental paradigms, target languages, and grammatical 169 categories, there is a clear need for further research. The differences in experimental paradigms 170 (e.g. masked priming versus sentence reading) may also lead to distinct processing strategies and 171 attentional effects, causing differences in the observed effects. A paradigm with low attentional and 172 executive demands on the processing of the speech stimuli is needed in order to investigate the 173 development and automaticity of L2 parsing. Since the vast majority of L2 research onM A N U S C R I P T
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8 morphological processing has been conducted in the visual modality, it is important to expand 175 research to speech, the 'native' modality of human communication. A passive listening paradigm, 176 with no task or requirement of focussed attention on the spoken stimuli, is capable to capture full-177 form versus parsing-specific ERP signatures of lexical and morphosyntactic processes, 178 uncontaminated by any active task, attention variation or strategic biases (Hanna, Shtyrov, 179 Williams, & Pulvermüller, 2016; Gansonre, Højlund, Leminen, Bailey, & Shtyrov, 2018) . 180
The present study 181
Here, we examined neural signatures of morphological processing in L2 in participants with 182 varying language proficiency. We focussed on the automatic processing of a wide range of 183 morphologically complex stimuli, in order to get a comprehensive overview of L2 processing of 184 morphological word forms. More specifically, we presented L1 speakers as well as beginning and 185 more advanced L2 learners of Finnish with spoken (1) existing derived and (2) inflected words, as 186 well as (3) novel derivations (novel combinations of real stem+real derivational suffix) and (4) 187 pseudo-suffixed complex forms (real stem+novel suffix). In addition, we time-locked our ERP 188 responses to the onset of the suffix deviation point. This procedure has previously been used in 189 several studies (e.g., Leminen suggested to comprise distributed neural circuits in the language network, which are built through 207 associative learning; i.e. connections are strengthened between neurons that activate automatically 208 upon presentation of specific word input (Pulvermüller, 1999; Pulvermüller & Garagnani, 2014) . 209
The stronger the connections of the memory trace for a specific word are the greater is the neural 210 response when the word is encountered. 211
In the case of complex words, pseudo-derivations and incongruent derived forms produce 212 smaller responses than real derivations, suggesting no memory traces for the full-form for pseudo-213 derivations as opposed to existing derived words (Hanna & Pulvermüller, 2014 The processing difference is expected to manifest in ERP effects differing in amplitude 268 and/or topography as compared to the native and advanced L2 speakers. 269
3) The comparison of existing inflections with pseudo-suffixed combinations (i.e. existing 270 stems + pseudo-suffix) is expected to show no effects related to lexical activation, since 271 purportedly, neither word type has a pre-existing full-form representation. Moreover, due to 272 the non-existence of the pseudo-suffix in the language we expect a (morpho)syntactic ERP Table  312 1. Participants in all groups had learnt at least two foreign languages in addition to their native 313 language (Learned languages: Natives 3.33, SD = 0.90; Beginners 3.13; SD = 0.83; and Advanced 314 4.00, SD = 1.00; Kruskal-Wallis χ²(2) = 4.26, p = 0.12). 315
Stimuli 316
The stimuli (Table 2) consisted of four real Finnish stems (kuva 'picture', kirja 'book', kana 317 'chicken', kahvi 'coffee', all high-frequency words in nominative case), as well as affixed words 318 comprising the aforementioned stems combined with an existing derivational suffix (-sto 'collection 319 of'), an existing inflectional suffix (-sta 'from'), and a pseudo-suffix that was acoustically similar to 320 the inflectional suffix (-spa). Consequently, two existing stem+suffix combinations formed existing 321 In addition, affixed filler words were created using the same four stems combined with another 333 set of suffixes, differing in their phonological make-up from the experimental ones. An existing 334 derivational suffix (-la 'a place') combined with stems kahvi and kana constituted existing 335 derivations kanala ('a place for hens a henhouse') and kahvila ('a place for coffee a coffee 336 shop'), and legal but non-existent novel derivations *kuvala ('a place for pictures') and *kirjala ('a 337 place for books'). In combination with each stem, the existing inflectional suffix -lla (adessive 338 case, 'on', 'at') and a pseudo-suffix -lo formed further filler items. 339
A female native Finnish speaker in a soundproof room using 44.1 kHz sampling frequency and 340 24-bit mono sound uttered the stimuli. The durations of the selected stems were 272 ms (kuva), 303 341 ms (kana), 387 ms (kahvi), and 388 ms (kirja), and the speech signals were faded out by 20 ms. To 342 counteract co-articulation biases in the final cross-spliced stimuli, the suffixes were uttered with a 343 preceding non-complimentary vowel (i.e., vowels not naturally occurring at the end of the stems, 344 e.g. 'espa'), which was stripped after the recording. All suffixes were 268 ms in duration and faded 345 in by 5 ms and out by 15 ms. The F0 and loudness of the stems and suffixes were matched, after 346 which the F0 of the suffixes was decreased by ~20 Hz (in accordance with the Finnish tonal 347 structure; Suomi, 2007) The data were then re-epoched into segments from -165 ms before specific deviation points (DP) 389 for each stem+suffix combination until 370 ms thereafter, which was done to ensure maximally 390 similar analysis settings for the morphologically (and thus acoustically) different stimuli. Namely, 391 the time interval of 165 ms preceding the DP overlapped with the beginning 's' of each suffix, 392 followed by a natural silent gap, which is why this interval was used for baseline correction. This the first two responses and a larger time window 170-240 ms around the latest peak due to its 415 longer response duration (see Fig. 1-4A) . 416
Statistical Analysis 417
In order to analyse the responses to each stem+suffix combination in each group, the sensor data 418 were reduced to four ROIs covering symmetrically 2 x 21 channels in the anterior left and right 419 hemispheres and 2 x 20 channels in the posterior left and right hemispheres (for channel locations, 420 see schematic scalp map in Fig.1-4B The early positive response at 60 ms did not demonstrate significant differences between 433 derivations and inflections in any of the groups (Fig. 1) . As depicted in Supplementary Fig. 1A The late long-lasting negativity at 170-240 ms evinced only marginally significant differences 453 between the suffixes in the Natives and Beginners (Fig. 1B) . Native speakers elicited stronger 454 responses to derivations than inflections in the left hemisphere (F(1,14) Supplementary Fig. 2A , the response to existing derivations was stronger in the left than 474 right hemisphere in the posterior region (p = 0.017). In the Beginner group, the anteriorly 475 pronounced difference between existing and novel derivations did not reach significance (Fig. 2B) . 476
Significant Suffix × Anterior-posterior axis interaction (F(1,14) = 11.92, p = 0.008) indicated that 477 the response to novel derivations was stronger in the anterior than in the posterior sites (p = 0.008; 478
Supplementary Fig. 2A) , whereas no such difference was found for the response to existing 479 derivations (p = 0.375). 480
Following the early positivity, the negative response at 130 ms was stronger for existing than 481 showed that the response to novel derivations was more pronounced in the anterior than posterior 487 sites (p = 0.049; Supplementary Fig. 1B ). In the Beginning learners, the stronger response to the 488 existing over novel derivations was marginally significant in the anterior sites (F(1,14) In the late time interval at 170-240 ms, the response to existing derivations was again stronger 494 than to novel derivations in the Native group only (F(1,14) = 7.36, p = 0.034; Fig. 2B ). A
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Novel derivations vs. Inflections. 499
The early positive response did not show significant differences between novel derivations and 500 existing inflections in the learner groups (Fig. 3B ) and failed to reach significance in the Native 501 speakers (F(1,14) = 5.46, p = 0.07). In all groups response strength across suffixes was higher in the 502 anterior than posterior region (F(1,14) > 11.17, p-values < 0.01; Supplementary Fig. 2A) . 503
The early negativity (at 130 ms) showed more complexity in the suffix response patterns. In the 504 Native group, Suffix had interactions with Anterior-posterior axis (F(1,14) = 17.52, p = 0.002) and 505
Hemisphere (F(1,14) = 7.50, p = 0.032), whereby the difference between the response enhancement 506 to novel derivations (compared to inflections) in anterior and the enhancement to inflections in the 507 posterior sites was significant (Fig. 3B) . Further, novel derivations elicited stronger anterior than 508 posterior responses (p = 0.002). The hemispheric interaction was due to more pronounced response 509 to novel derivations over the left than right hemisphere, whereas response to inflections was right-510 lateralised ( Supplementary Fig. 2B ). In the Advanced L2 learners, the response magnitudes to the 511 suffixes did not differ significantly, but similarly to the Natives, a Suffix × Anterior-posterior 512 interaction (F(1,14) = 7.24, p = 0.036) exhibited stronger anterior than posterior responses to novel 513 derivations (post hoc pairwise p = 0.059; Supplementary Fig. 2B ). Beginners, on the other hand, 514 demonstrated generally stronger responses in the anterior sites (F(1,14) = 10.49, p = 012), and the 515 main effect of stronger response to novel derivations than inflections approached significance 516 (F(1,14) = 5.32, p = 0.074; Fig. 3B ). 517
The late negative response (170-240 ms) was significantly stronger to inflections than to novel 518 derivations in the posterior sites (p = 0.015) in the Native speakers (Fig. 3B) , whose response to 519 novel derivations was larger in the anterior than posterior area (p = 0.006; Supplementary Fig. 2C ).
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22 learner groups. Responses were generally stronger in the anterior region in the Beginning learners 523 (F(1,14) = 8.20, p = 0.026; Supplementary Fig. 2C) . 524
Inflections vs. pseudo-suffixed words. 525
Comparison of inflected words and words with a pseudo-suffix differentiating in one phoneme from 526 the real inflection showed early response differences. The positive response (60 ms) was greater to 527 inflections than to pseudo-suffixes in the Native speakers (F(1,14) = 26.68, p < 0.001) and 528 Advanced L2 learners (F(1,14) = 6.57, p = 0.023), as shown in Fig. 4B . Topographically, the Native 529 speakers exhibited an interaction of Anterior-posterior × Hemisphere (F(1,14) The topographies are shown in Supplementary Fig. 3A . 534
The early (130 ms) negative response to inflections and pseudo-suffixed forms, in contrast, did 535 not differ significantly in any of the groups (Fig. 4B) revealed that the response elicited to pseudo-suffixes was stronger than that to inflections at anterior 542 sites (p = 0.046; Fig. 4B) . Furthermore, the response to pseudo-suffixes was significantly more 543 prominent in the anterior than posterior region (p < 0.001; Supplementary Fig. 3C ). Across the 544 suffix types, the response was also right-lateralised in the Natives (F(1,14) Supplementary Fig. 3C ), but no significant differences were found between the 547 suffixes. 548
Discussion
549
We investigated the neural correlates of processing of morphologically complex words in native 550 speakers and L2 learners. We presented native speakers, as well as beginning and advanced L2 551 learners of Finnish with existing derived words, existing inflected words, novel derivations (novel 552 combinations of stem+existing suffix), as well as pseudo-suffixed words (stem+pseudo-suffix) in a 553 passive listening paradigm. We observed three ERP responses to each suffix, time-locked to the 554 suffix deviation points. An early positivity (at 60 ms) was followed by an early negative response at 555 130 ms, and a further longer-lasting negative deflection at around 200 ms. Responses to the 556 different kinds of morphological types were contrasted for each group separately in order to 557 examine group-specific relative differences between different existing morphological forms as well 558 as non-existing ones. We propose that the generated ERP response patterns demonstrated the 559 temporal dynamics of early automatic morphological decomposition, followed by full-form access 560 of the lexicalised items, and later second pass morphosyntactic parsing, present in full scale in the 561 L1 processing. In the L2 learners, we observed a tendency for native-like response patterns with 562 increasing proficiency, yet with some qualitative differences. Below, we will discuss each major 563 finding in detail. 564
Effects of morphological contrasts 565
Starting with the processing of derivations and inflections, this contrast established no differences 566 between the suffixes in the early 60 ms response (after the deviation point) in any of the groups. 567
Since both suffixes were plausible continuations for the stems, with existing suffixes, this early 568 response tentatively reflects early morphological decomposition, echoing the accounts of similar In the L2 speakers, the stronger response to derivations compared to inflections at 130 ms was 597 also significant, but only in the beginners, however restricted to the anterior region. It is possible 598 that more advanced learners are already aware of the underlying morphology of the derivational 599 forms, which may lead to parsing efforts that are fully automatised in native speakers. Only 600 marginally significant effects were observed in the latency of 170-240 ms, showing a continued 601 enhancement for derivations over inflections in the left hemisphere of the natives referring to 602 continued lexical memory-trace activation, and an opposite effect in the beginners. In addition, 603 similar to the early negativity, there was a non-significant difference between the suffixes in the 604 advanced learners. The effect of inflections producing greater response than derivations at this 605 latency may indicate prolonged parsing of the inflectional forms. The findings imply discrepancy in 606 the in the processing of L2 derivations and inflections between the beginning and more advanced 607 learners. Surprisingly, the early negative response suggests that the processing of derivations was 608 more native-like in the beginners than in the advanced group. In contrast, this effect was reversed 609 only 50-110 ms later, when, unlike in the natives, the response to derivations had decreased and the 610 response to inflection increased, possibly suggesting short-lived lexical activation of the derivations 611 and longer-lasting parsing efforts of the inflections in the beginning learners, compared to the 612 higher-proficient learners and native speakers. 613
Comparing responses to two different suffixes is not sufficient to inform about the degree of full-614 form storage/parsing of derivations in the native and learner groups. To get more direct evidence of 615 the processing characteristics for derivations, a more direct comparison of acoustically identicalM A N U S C R I P T
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The processing of existing compared to novel derivations produced a stronger early positivity 619 to novel than existing derivations in the native speakers, possibly reflecting an attempt to parse the 620 novel form into morphological constituents. Advanced L2 learners showed the same response 621 difference but the effect was restricted to the frontal area. Beginning learners' responses did not 622 differ from each other at this latency. Following the positive response, the early negativity was 623 stronger for existing derivations than novel combinations (as with the comparison to inflections) in 624 the native speakers and, in the right posterior area, in advanced L2 learners. In the beginners, there 625 was a trend towards existing derivations eliciting greater negativity than novel derivations in the 626 anterior region. Again, similar to the derivation versus inflection contrast, native speakers 627 manifested a long-lasting enhancement of the existing derivations over the novel ones reaching the 628 late 170-240 ms time interval, absent in the learner groups. 629
The larger positivity to the novel derivations in the native and advanced L2 speakers might 630 reflect greater effort in early parsing of these non-existing combinations. In this comparison of 631 suffixes, it was possible to recognise their legality soon after the plosive consonant. For the novel 632 combinations, the probability of encountering the derivational suffix after the stems was lower than 633 for the existing derived words, and hence, the early positivity possibly set forth lexical access of the 634 real derivations. Importantly, the effect of stronger negative response to the existing than novel 635 derivations, starting at the 130 ms latency may demonstrate the lexical full-form activation of the 636 existing derivations, demonstrated in all the groups to different extent, compared to the weaker 637 response to the combinations that lacked prior memory representations (Hanna & Pulvermüller, 638 2014). The existence of the late enhancement to derivations in the natives could represent sustained 639 memory-trace activation. 640
Although not statistically significant, beginners showed a hint of early latency activation 641 difference in the processing of the existing and novel derivations in the frontal sites akin to that ofM A N U S C R I P T
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27 enhancement to the existing derivations in the early negativity. This may indicate that beginners had 644 indeed developed full-form memory traces for the common derivations ('library' and 'coffee shop') 645 used in this study, suggesting rapid development of long-term lexical representations for frequently 646 occurring derivations in adult L2 learners. 647
We also compared novel derivations with inflections, the processing of which we expected to 648 reflect weak or non-existent lexical full-form memory-trace activation to both word types. At the 649 early 60 ms latency, all groups lacked significant early response difference between these suffixes, 650
analogous to that between existing derivations and inflections, suggesting similar automatic parsing 651 of both word types. Curiously, in the second time-window (130 ms), the direction of the native 652 response difference significantly interacted in the anterior-posterior plane, such that the response to 653 novel derivations was stronger than to inflections in the anterior area and vice versa in the posterior 654 sites. Although the differences between these suffixed words were not significant per se, the bipolar 655 topography indicates that the two types of suffixed words activated neuronal populations with 656 distinct origins. On the other hand, no activation of full-form memory traces to either novel 657 derivations or inflections was expected, manifested by a lack difference in the response amplitudes, All measures were significantly different between groups (tested with t-or Mann-Whitney U test). 
